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A B S T R A C T
This paper presents the results of a combined experimental and theoretical study on a clay ceramic used for
building applications. The thermal and mechanical properties of the clay ceramic were improved by addition of
organic additives. The organic additives consisted of Olive Stone Flour (OSF), with round-shape particles of
55 µm, and Wheat Straw (WS), with 877 µm particles in the form of ﬁbers. It was found that the combustion of
OSF and WS resulted in a porosity formation during the ﬁring process. The morphology of these pores corre-
sponded to that of the organic additives. Therefore, the addition of small OSF particles decreased the median
pore size of the clay ceramic. It improved the mechanical strength of the clay ceramic by 12% for an 8 wt%
addition of OSF. On the other hand, the WS ﬁbers increased the clay ceramic anisotropy. This resulted in a 41%
improvement of the thermal conductivity using an 8 wt% addition of WS. Finally, a model was developed from
these experimental results to predict the thermal conductivity and the mechanical strength of the clay ceramic
with other organic additives. They were predicted from the parameters of the organic additives (i.e., true
density, swelling degree, particle size distribution, particle shape factor). The predictions indicated that the
thermal conductivity is improved by 50% with a 25% improvement of the mechanical strength using small
organic ﬁbers, which is a step forward in the development of ﬁred clay bricks that can be used for both insulation
and structure purposes in building applications.
1. Introduction
In the last decades, ﬁred clay bricks were regarded as a potential
media to dispose of waste materials. A wide range of industrial and
urban wastes were incorporated into the bricks to deal with the growing
amount of wastes [1,2]. But in a context of sustainability, the waste
materials were gradually limited to the organic type of wastes. In fact,
the organic wastes were incorporated into the bricks to release some
heat in the tunnel kilns during the ﬁring process [3]. This contributed to
the reduction of fossil fuel consumptions and greenhouse gases emis-
sions in the clay bricks industry [4,5].
Progressively, the organic wastes have also been used in ﬁred clay
bricks as pore-forming agents [6–8]. The combustion of the organic
wastes in the bricks induced a porosity formation during the ﬁring
process [9,10]. Hence, the low thermal conductivity of air in the newly-
formed pores resulted in an important improvement of the thermal
properties after ﬁring of the clay bricks [11–13]. This improvement of
the thermal properties was of great importance since it contributed to
meet the challenge of reducing energy consumption in buildings [14].
However, the improvement of the thermal properties was associated
with a signiﬁcant decrease of the mechanical properties [15,16]. The
mechanical properties of the bricks were decreased by the newly-
formed pores acting as defects in the microstructure [17,18]. Hence, the
use of organic wastes came to an issue since the building materials such
as ﬁred clay bricks require both insulation and resistance performances.
Recently, some studies have shown that the thermal and mechanical
properties of ﬁred clay bricks can be improved at the same time using
organic additives with a small particle size [19]. This use of organic
additives is a signiﬁcant step forward in regards to the earliest objective
of waste disposal. However, it restrains the range of waste materials
that can be incorporated into the bricks. The literature shows that the
improvement of both thermal and mechanical properties of ﬁred clay
bricks remains limited to the incorporation of speciﬁc wastes. Hence,
the objective of this study is to develop a model to predict the thermal
and mechanical properties of the ﬁred clay bricks with organic ad-
ditives. The properties will be predicted from intrinsic parameters of
the organic additives. In this way, the predictions of the model will
provide an insight into which organic wastes can be used to improve
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the thermal and the mechanical properties. This should widen the range
of organic wastes that can be incorporated as pore-forming agents and
energy carriers in ﬁred clay bricks.
2. Materials and experimental methods
2.1. Raw materials
The clay that was used in this study was extracted from a clay
quarry in the Toulouse Area (France). The clay was ground into parti-
cles of approximately 3 mm with a rolling mill (LA 1527, Vicentini).
The elemental composition of the clay was measured using an ICP-AES
instrument (Jobin Yvon Ultima 2). The clay was dissolved in a mixture
of hydroﬂuoric and perchloric acid via heating at a temperature of
80 °C for 30 min [20]. The solution was diluted 10 times in puriﬁed
water before analysis. The results of the ICP-AES analysis are given in
Table 1. They show a predominance of silicon and aluminum oxides
with smaller concentrations of calcium, iron and potassium oxides.
The organic additives that were used in this study consisted of Olive
Stone Flour (OSF) and Wheat Straw (WS). The OSF additive obtained
from BARDON Company was used in the given form. The WS additive
obtained from ARTERRIS Cooperative was ground at 1 mm with a knife
mill (Pulverisette 15, Fritsch). The composition of the organic additives
was measured using organic elemental analysis (Flash 2000, Thermo
Fischer Scientiﬁc). The results of the organic elemental analysis are
summarized in Table 2. They show that OSF additive is composed of
carbon, oxygen, hydrogen and nitrogen for more than 98 wt%. WS
additive is composed of the same elements than OSF additive with
smaller concentrations in carbon, oxygen and hydrogen. This means
that WS additive has a smaller organic fraction of approximately 87 wt
%.
The true density of the organic additives was measured using he-
lium pycnometry analysis (Accupyc 1330, Micromeritics). The results of
the true density analyses are summarized in Table 3. They show that
OSF additive has a relatively high density compared to that of WS ad-
ditive.
The swelling ratio of the organic additives was estimated from a
water absorption technique [21]. In fact, the organic additives were
dried at 105 °C for 24 h in an electrical hoven (Memmert). The mass
and the volume of the samples were measured using a balance and a
measuring cylinder. Subsequently, the samples were immersed in water
for 48 h. The samples were then removed from the water and subjected
to a ﬁnal measure of mass. The swelling ratio of the organic additives
was calculated from Eq. (1), where Sr is the swelling ratio, ms is the
mass after the swelling operation, md is the mass after the drying op-
eration, Vd is the volume after the drying operation, and ρw is the
density of water.
=S (m - m )/ρ
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Finally, the swelling ratio of the samples was used to determine the
swelling degree of the organic additives. The swelling degree of the
organic additives was calculated from Eq. (2), where Sd is the swelling
degree and Sr is the swelling ratio. It is important to note that the
swelling degree of the organic additives is highly related to the true
density. In fact, the organic additives with a low density absorb an
extensive amount of water due to a greater porosity. Hence, WS ad-
ditive has an important swelling degree of 3.55 compared to that of OSF
additive of 2.03.
= +S 100  S
100d
r
(2)
The particle size distribution of the organic additives was measured
using laser granulometry analysis (Mastersizer 3000, Malvern). The
results of the analyses are summarized in Table 3. They show that OSF
additive has a small average particle size of 55 µm compared to that of
WS additive of 877 µm. The organic additives were observed by scan-
ning electron microscopy (SEM) using a Philips XL30 apparatus. The
SEM micrographs of the organic additives are presented in Fig. 1. They
show that OSF is composed of round-shape particles with a diameter of
around 60 µm. On the other hand, the WS additive is composed of ﬁbers
with dimensions up to 900 µm. The particle shape factor of the organic
additives was then determined from the SEM micrographs. It was cal-
culated as the ratio of the breadth to the length of the particles. Finally,
the particles of OSF have an important shape factor of 0.65 compared to
that of WS of 0.15.
2.2. Processing of the clay ceramic
The clay ceramic that was used in this study consisted of diﬀerent
mixtures of clay with organic additives and water. The mixtures were
prepared in a bowl by mixing 10 kg of clay with 4 wt% and 8 wt% of
organic additives (OSF or WS). The mixtures were kneaded for 5 min
with a gradual addition of water. In fact, water was added to the
mixtures until an 8 bar pressure of extrusion was obtained. The mix-
tures were then extruded in the form of blocks with dimensions of 180
× 80× 18 mm3 for a water content of 17 wt%. The blocks were dried
at 25 °C, 65 °C and 105 °C for 24 h in an electrical oven (Memmert).
Following this operation, the diﬀerent samples of the study were pre-
pared from the blocks using a tabletop saw (Skil). The thickness of the
samples was also adjusted with P80, P120, P180 and P280 SiC abrasive
papers (Buehler). Finally, the samples were subjected to ﬁring at 950 °C
in an electrical furnace (Nabertherm Controler C320).
2.3. Characterization of the microstructure
The porosity of the clay ceramic was measured using a water ab-
sorption technique [22]. The measurements were performed with
samples of 30× 30× 5 mm3. In fact, the samples were introduced in a
vacuum chamber and maintained under a residual pressure of 30kPa for
4 h. Some water was then introduced in the vacuum chamber up to
partial immersion of the samples. The samples remained partially im-
mersed under the same residual pressure of 30kPa for 2 h.
Table 1
Elemental composition of the clay with the concentrations in silicon, aluminum, calcium,
iron, potassium and magnesium oxides.
Sample Concentration (wt%)
SiO2 Al2O3 CaO Fe2O3 K2O MgO
Clay 44.8 16.8 9.4 9.9 3.8 1.9
Table 2
Elemental composition of the organic additives with the concentrations in carbon, hy-
drogen, oxygen, nitrogen and sulfur elements.
Sample Concentration (wt%)
C H O N S
OSF 49.8 6.0 42.0 0.4 0.0
WS 43.1 5.5 28.5 0.7 0.0
Table 3
True density, swelling degree, particle size, and particle shape factor of the organic ad-
ditives.
Sample Density (g cm−3) Swelling degree Particle size (µm) Shape factor
OSF 1.45 2.03 55 0.65
WS 1.39 3.55 877 0.15
Subsequently, some more water was introduced in the vacuum chamber
to get the samples fully immersed. The full immersion of the samples
was maintained for 24 h. The atmospheric pressure was ﬁnally restored
in the vacuum chamber. The samples remained immersed at atmo-
spheric pressure for 24 h. Following this operation, the mass of the
samples was measured under three diﬀerent conditions. It was mea-
sured under water by hydrostatic weighing, under air after wet wiping,
and under air after drying at 105 °C. In this way, the porosity of the clay
ceramic could be calculated from Eq. (3), where ε is the percentage of
porosity, mh is the hydrostatic mass, mw is the wet mass, and md is the
dry mass.
=ε m - m
m - m
w d
w h (3)
The pore size of the clay ceramic was estimated by X-ray tomo-
graphy analysis using the Synchrotron facility at ESRF Grenoble. The
samples were analyzed in the form of 200 mg cylinders. In fact, the
cross-section micrographs of the samples were used to build a 3D re-
presentation of the porosity via imaging software. The pore size of the
clay ceramic was then obtained from the 3D representation of the
porosity. It is important to note that the 3D representation of the por-
osity shows the porosity of the clay ceramic in a light grey color.
The anisotropy of the clay ceramic was estimated from unidirec-
tional measurements of the thermal diﬀusivity, using a Proﬁlux Plus
800 (Multiblitz) instrument. In fact, the thermal diﬀusivity was mea-
sured parallel and perpendicular to the extrusion plane direction with
samples of 30 × 30 × 5 mm3 that were prepared from the respective
cuts in the large extruded blocks. The estimates of the anisotropy were
then obtained by dividing the parallel to the extrusion plane direction
values by the perpendicular to the extrusion plane values.
2.4. Determination of the thermal properties
The thermal properties of the clay ceramic (multidirectional) were
measured using a transitory plane source method (TPS 2500, Hot Disk
AB) [23]. The analyses were performed at room temperature with du-
plicate samples of 30 × 30 × 5 mm3. The thermal conductivity was
then estimated from the thermal response of the samples with the di-
mension and the power of the probe. This was done using algorithms of
the Thermal Constant Analyzer software.
2.5. Determination of the mechanical properties
The mechanical properties of the clay ceramic were measured by
three-point bending. The measurements were performed in an Instron
5800 R machine with a loading span of 40 mm and a load cell of 500 N.
The specimens with dimensions of 60× 30× 5 mm3 were loaded at a
constant displacement rate of 1 mm/min until the onset of the fracture.
=σ 3F L
2BHf
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The mechanical strength of the clay ceramic was estimated from Eq.
(4), where σf is the mechanical strength, FMax is the maximum force, L is
the loading span, B is the breadth of the specimens and H is the height
of the specimens [24]. Note that the results of the mechanical strength
correspond to the average value obtained from the results of 10 tests.
3. Modeling
3.1. Porosity
The prediction of the percentage of porosity was based on the ad-
ditive and conservative behavior of the porosity [25]. In fact, the por-
osity generated by combustion of the organic additives did not elim-
inate the porosity of the clay ceramic. The porosity generated by
combustion of the organic additives at temperatures between 250 °C
and 500 °C was also conserved during the sintering. The percentage of
porosity after ﬁring of the clay ceramic with organic additives was then
regarded as equal to the sum of the percentages of porosity. It was
obtained from Eq. (5), where εClay ceramic is the percentage of porosity of
the clay ceramic with no organic additives and εOrganic additives is the
percentage of porosity generated by combustion of the organic ad-
ditives.= +ε ε εClay ceramic Organic additives (5)
The percentage of porosity of the clay ceramic with no organic
additives was measured as described earlier in Section 2.3. It was equal
to 30 vol% after ﬁring of the clay ceramic at 950 °C. On the other hand,
the porosity generated by combustion of the organic additives corre-
sponded to the maximal volume of organic additives in the clay ceramic
[26]. It was then obtained by transposition of the mass percentage of
addition into a volume percentage of addition using the density and the
swelling degree of the organic additives (Eq. (6)). It is important to note
that the true density was used in this case over the bulk density since
the organic additives were compressed in the clay matrix. This gives:
= ×ε %
ρ
SOrganic additives
Organic additives
Organic additives
dOrganic additives
(6)
Where %Organic additives is the mass percentage of addition, ρOrganic ad-
ditives is the true density, and Sd Organic additives is the swelling degree of
the organic additives.
3.2. Median pore size
The median pore size of the clay ceramic was predicted using the
proportion and the size of each type of pores. The predictions were
Fig. 1. SEM micrographs of the OSF additive (a) and of the WS additive (b).
made from Eq. (7), where εClay ceramic is the percentage of porosity of the
clay ceramic with no organic additives, εOrganic additives is the percentage
of porosity generated by combustion of the organic additives, ΦClay
ceramic is the median pore size of the clay ceramic with no organic ad-
ditives, and ΦOrganic additives is the median size of the pores generated by
combustion of the organic additives.
⎜ ⎟ ⎜ ⎟=⎛⎝ ×+ ⎞⎠+⎛⎝ ×+ ⎞⎠ϕ ε ϕε ε ε ϕε εClay ceramic Clay ceramicClay ceramic Organic additives Organic additives Organic additivesClay ceramic Organic additives (7)
The median pore size of the clay ceramic with no organic additives
was determined from the X-ray tomography analysis described in
Section 2.3. It was equal to 150 µm after ﬁring at a temperature of
950 °C [27]. On the other hand, the median size of the pores generated
by the combustion of organic additives was taken as the average size of
the particles of organic additives. This could be done since the size of
the newly-formed pores was not modiﬁed during the ﬁring process of
the clay ceramic. Furthermore, the percentages of porosity were ob-
tained from the previous results of the modeling (Section 3.1).
3.3. Anisotropy
Similarly, the anisotropy was predicted using the proportion and the
shape of each type of pores. This could be done for such a ﬁred clay
ceramic since the contribution of the solid skeleton (i.e., platelet
structure) to the anisotropy is removed after ﬁring at high temperature
[28]. Hence, the predictions were made from Eq. (8), where εClay ceramic
is the percentage of porosity of the clay ceramic with no organic ad-
ditives, εOrganic additives is the percentage of porosity generated by
combustion of the organic additives, γClay ceramic is the anisotropy of the
clay ceramic with no organic additives, and γOrganic additives is the
median anisotropy of the pores generated by combustion of the organic
additives.
⎜ ⎟ ⎜ ⎟=⎛⎝ ×+ ⎞⎠+⎛⎝ ×+ ⎞⎠γ ε γε  ε ε γε  εClay ceramic Clay ceramicClay ceramic Organic additives Organic additives  Organic additivesClay ceramic Organic additives (8)
The anisotropy of the clay ceramic with no organic additives was
measured as described in Section 2.3. It was equal to 1.4 after ﬁring of
the clay ceramic at 950 °C. Furthermore, the anisotropy of the newly-
formed pores was calculated from Eq. (9) with the particle shape factor
of the organic additives. This gives:
= ×cγ 1fOrganic additives Organic additives (9)
Where fOrganic additives is the average shape factor of the particles of
organic additives and c is a constant equal to 2.5. It is important to note
that the percentages of porosity were all obtained from the previous
results of the modeling (Section 3.1).
3.4. Thermal properties
The thermal properties of the clay ceramic were predicted using a
parallel model (Eq. (10)). The model predicts the thermal conductivity
of the clay ceramic (λ) from the thermal conductivity of the solid
skeleton (λSolid), the thermal conductivity of air (λAir), and the eﬀective
volume of porosity (εeﬀ) [29].= + ×λ (1 - ε )λ  (ε λ )eff Solid eff Air (10)
The thermal conductivity of the solid skeleton was regarded as
equal to 1.60 W/(m.K). This value was determined from the thermal
conductivity of the clay ceramic with no organic additives.
Furthermore, the thermal conductivity of air was retrieved from the
literature as 0.026 W/(m.K) [30]. The percentage of porosity that is
found in the conventional model was also replaced by the eﬀective
volume of porosity. The eﬀective volume of porosity was obtained from
Eq. (11), where ε is the percentage of porosity and γ is the anisotropy. It
is important to note that the anisotropy replaces the empirical para-
meter that was used in the original study [31]. This empirical para-
meter was replaced by the anisotropy to adapt the impact of anisotropic
pores to the parallel model which is made to represent the impact of
isotropic pores. In this way, the great impact of the anisotropic pores on
the thermal conductivity of the clay ceramic could be regarded as
equivalent to the impact of a greater volume fraction of small pores
using a single model.
⎜ ⎟= ⎛⎝ + ⎞⎠ε 22 - 1 1 -  1(1  ε)eff γγ γ (11)
The percentage of porosity and the anisotropy of the clay ceramic
were obtained from the results of the modeling described in Sections
3.1 and 3.3, respectively. This means that the model predicted the
evolution of the thermal conductivity with the only parameters of the
organic additives (i.e., true density, swelling degree and particle shape
factor).
3.5. Mechanical properties
The mechanical properties of the clay ceramic were predicted using
the damage model in Eq. (12) [32]. The damage model predicts the
mechanical strength of the clay ceramic under a ﬂexural loading (σf)
from the damage of the clay ceramic (D) and the mechanical strength of
the solid skeleton (σSolid) [33].=σ (1 - D)σf Solid (12)
The mechanical strength of the solid skeleton was regarded as equal
to 35.0 MPa. It was obtained from the mechanical strength of the clay
ceramic with no organic additives. On the other hand, the damage of
the clay ceramic was estimated from Eq. (13), where ε is the percentage
of porosity and Φ is the median pore size. It is important to note that
this law corresponds to the equivalence of the law that was used for the
modeling of the thermal conductivity. This law was preferred to the
conventional laws for the modeling of the mechanical strength because
of its two variables [34]. In fact, the impact of the small and large pores
on the mechanical strength could be estimated using a single model.
The impact of large pores was regarded as equivalent to that of a
greater volume fraction of small pores [35].
⎜ ⎟= ⎛⎝ + ⎞⎠D 22 - 1 1 -  1(1  ε)ϕϕ ϕ (13)
The percentage of porosity and the median pore size were obtained
from the results of the modeling described earlier in Sections 3.1 and
3.2, respectively. This means that the damage model predicted the
evolution of the mechanical strength with the only parameters of the
organic additives (i.e., density, swelling degree and particle size dis-
tribution).
4. Results and discussion
4.1. Porosity of the clay ceramic
The dependence of the porosity on the percentage of organic ad-
ditives is presented in Fig. 2. The clay ceramic with no organic additives
has a porosity of 30 vol% after ﬁring at the temperature of 950 °C [36].
This value corresponds to the air retained in the clay ceramic during the
extrusion process. It also corresponds to the porosity which is forming
with the H2O and CO2 release from the mineralogical transformations,
such as dehydroxylation and decarbonation, during the ﬁring process.
The addition of organic additives results in a porosity increase of the
clay ceramic after the ﬁring process. However, the extent of the por-
osity increase depends on the density of the organic additives. The
organic additives with a low density occupy a greater volume than
organic additives with a high density. They are also subjected to a
greater volume increase due to water swelling. Hence, the combustion
of these organic additives releases a greater volume of porosity during
the ﬁring process. The 8 wt% addition of OSF induces a porosity in-
crease of 12 vol%. The porosity of the clay ceramic is then limited to
42 vol% for an 8 wt% addition of OSF. On the other hand, the 8 wt%
addition of WS with a relatively low density leads to a porosity increase
of 20 vol%. The clay ceramic has then a high porosity of 50 vol% in case
of an 8 wt% addition of WS.
The porosity of the clay ceramic with organic additives is relatively
well predicted by Eqs. (5) and (6). They represent a linear increase of
the porosity from that of the clay ceramic with no organic additives.
The slope of the porosity increase also corresponds to the ratio of the
swelling degree to the true density of the organic additives. This means
that the porosity of the clay ceramic with other organic additives could
be predicted using the only parameters of these (i.e., true density,
swelling degree).
4.2. Pore size of the clay ceramic
The dependence of the median pore size on the percentage of or-
ganic additives is shown in Fig. 3. The clay ceramic with no organic
additives has a median pore size of 150 µm after ﬁring at the tem-
perature of 950 °C. This value corresponds to the average size of the
pores from the extrusion and ﬁring processes. In fact, the extrusion
induces a compression of the clay in a form of sheets. The air remaining
in the clay ceramic mixture is then compressed between the sheets of
clay in a form of porosity sheets. Those large sheets of porosity can be
observed via the 3D representation of the porosity obtained by X-ray
tomography analysis in Fig. 4. They correspond to the largest defects of
the microstructure after the ﬁring process.
The organic additives with small particles induce a decrease of the
median pore size of the clay ceramic. The small particles prevent the
formation of large porosity sheets during the extrusion process.
Moreover, the combustion of the small particles results in a formation
of smaller pores than 150 µm during the ﬁring process. The size of those
pores corresponds, as shown in Fig. 4, to the particle size of the organic
Fig. 2. Dependence of the percentage of porosity of the clay ceramic on the percentage of
organic additives after ﬁring at 950 °C.
Fig. 3. Dependence of median pore size of the clay ceramic on the percentage of organic
additives after ﬁring at 950 °C.
Fig. 4. 3D representation of the porosity obtained by X-ray tomography analysis of the
clay ceramic (a) and of the clay ceramic with an 8 wt% addition of OSF (b) and WS (c)
after ﬁring at 950 °C.
additives. The median pore size of the clay ceramic is then decreased to
120 µm in case of an 8 wt% addition of OSF with small 55 µm particles.
On the other hand, organic additives with large particles do not prevent
the formation of large porosity sheets during the extrusion process.
Those large particles also results in a formation of larger pores than
150 µm during the ﬁring process. Therefore, the median pore size of the
clay ceramic is increased to 470 µm in case of an 8 wt% addition of OSF
with large 877 µm particles.
Note that the median pore size of the clay ceramic with organic
additives is relatively well predicted by Eq. (7). The predictions are
made from the percentage of porosity and the particle size distribution
of the organic additives. However, the porosity of the clay ceramic was
yet predicted from the density and water swelling degree of the organic
additives. This means that the median pore size could be predicted for
an addition of other organic additives using the only parameters of
these organic additives (i.e., true density, swelling degree, particle size
distribution).
4.3. Anisotropy of the clay ceramic
The dependence of the anisotropy on the percentage of organic
additives is presented in Fig. 5. The clay ceramic with no organic ad-
ditives has an average anisotropy of 1.4 after ﬁring at the temperature
of 950 °C. This value represents the stacking of clay and porosity sheets
of the extrusion process. In fact, the layered microstructure is conserved
during the ﬁring process of the clay ceramic.
The organic additives with an important particle shape factor result
in a decrease of the anisotropy. In fact, the combustion of those round-
shape particles induces a formation of round-shape pores, as shown in
Fig. 4. The decrease of the anisotropy is then due to the isotropic be-
havior of the newly-formed pores. In case of an 8 wt% addition of OSF,
with round-shape particles, the anisotropy of the clay ceramic is de-
creased to 1.1. However, the organic additives with a low particle shape
factor are orientated with the clay during the extrusion process. The
combustion of those ﬁbers also leads to the formation of orientated
pores during the ﬁring process. Hence, the anisotropic behavior of the
newly-formed pores results in an increase of the clay ceramic aniso-
tropy. The anisotropy of the clay ceramic is increased up to 1.9 in case
of an 8 wt% addition of WS ﬁbers.
It is important to note that the anisotropy of the clay ceramic is
relatively well predicted by Eq. (8). In fact, the predictions of the ani-
sotropy are made from the porosity of the clay ceramic and the particle
shape factor of the organic additives. The porosity of the clay ceramic
was yet predicted from the density and the swelling degree of the or-
ganic additives. This means that the anisotropy of the clay ceramic
could be predicted in case of a diﬀerent addition of organic additives
using the only relevant parameters of those (i.e., true density, swelling
degree, particle shape factor).
4.4. Thermal properties of the clay ceramic
The dependence of the thermal conductivity of the clay ceramic on
the percentage of organic additives is presented in Fig. 6. The clay
ceramic with no organic additives has a thermal conductivity of
0.80 W/(m.K) after ﬁring at the temperature of 950 °C. In fact, this
value is a combination between the relatively high thermal conductivity
of the solid skeleton and the relatively low thermal conductivity of air
in the porosity. It is important to note that the impact of air is enhanced
in that direction of the thermal gradient of the walls due to the aniso-
tropic behavior of the porosity sheets.
The organic additives induce a signiﬁcant decrease of the thermal
conductivity of the clay ceramic. However, the decrease of the thermal
conductivity depends on the particle shape factor of the organic ad-
ditives. The organic additives with a relatively high particle shape
factor such as OSF results in a formation of round-shape pores. The
thermal conductivity is decreased by the low thermal conductivity of
air in these pores. But, the decrease of the thermal conductivity remains
limited to 23% in case of an 8 wt% addition of OSF due to a signiﬁcant
decrease in the anisotropy. The clay ceramic with an 8 wt% addition of
OSF has then a thermal conductivity of 0.61 W/(m.K) K after ﬁring at
the temperature of 950 °C. On the other hand, the organic additives
with a low particle shape factor such as WS results in a formation of
orientated pores. This means that heat diﬀusion is highly limited
through the stacking of clay and porosity sheets. Therefore, the 8 wt%
addition of WS ﬁbers induces an important decrease of the thermal
conductivity of 41%. The clay ceramic with an 8 wt% addition of WS
ﬁbers has then a thermal conductivity of 0.46 W/(m.K) K after the
ﬁring process.
The predictions of the model (Eqs. (10) and (11)) are in agreement
with the experimental results. This means that the thermal conductivity
can be predicted from the percentage of porosity and the anisotropy of
the clay ceramic. These estimates of the microstructure are obtained
from the density, the swelling degree and the particle shape factor of
the organic additives. Therefore, the thermal conductivity of the clay
ceramic can be predicted for other organic additives using the same
approach. These predictions provide information for a greater im-
provement of the thermal conductivity. In fact, the thermal con-
ductivity of the clay ceramic could be improved up to 50% using an
8 wt% addition of organic ﬁbers.Fig. 5. Dependence of the anisotropy of the clay ceramic on the percentage of organic
additives after ﬁring at 950 °C.
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Fig. 6. Dependence of the thermal conductivity of the clay ceramic on the percentage of
organic additives after ﬁring at 950 °C.
4.5. Mechanical properties of the clay ceramic
The dependence of the mechanical strength of the clay ceramic on
the percentage of organic additives is shown in Fig. 7. The clay ceramic
with no organic additives has a mechanical strength of 12.2 MPa after
ﬁring at the temperature of 950 °C. This value corresponds to a com-
bination between the bonding of the clay particles and the presence of
defects such as 150 µm sheets of porosity [37].
The organic additives with a small particle size increase the me-
chanical strength of the clay ceramic. In fact, the increase of the me-
chanical strength is associated with the decrease of the median pore
size. The small pores act as a minor source of fracture compared to the
150 µm sheets of porosity. Nevertheless, the impact of the pore volume
fraction exceeds that of the pore size for greater percentages of addi-
tions than 8 wt%. The mechanical strength of the clay ceramic is then
increased by 12% in case of an 8 wt% addition of OSF additive with
small 55 µm particles. The clay ceramic with an 8 wt% addition of OSF
has a mechanical strength of 13.7 MPa after ﬁring at the temperature of
950 °C. On the other hand, the organic additives with an important
particle size induce a signiﬁcant decrease of the mechanical strength.
The decrease of the mechanical strength is due to the increase of the
median pore size. In fact, the mechanical strength of the clay ceramic
decreases by 27% for an 8 wt% addition of WS with large 877 µm
particles. The clay ceramic with an 8 wt% addition of WS has then a
mechanical strength of 8.9 MPa after the ﬁring process.
The results of the modeling (Eqs. (12) and (13)) are consistent with
the results of the measurements. Therefore, the percentage of porosity
and the median pore size of the clay ceramic are relevant parameters to
model the mechanical strength. This means that the mechanical
strength of the clay ceramic can be predicted by the model in the case of
other organic additives since the estimates of the percentage of porosity
and of the median pore size are obtained from the only parameters of
the organic additives (i.e., true density, swelling degree, particle size
distribution). In fact, the predictions indicate that the mechanical
strength of the clay ceramic could be improved up to 25% using an 8 wt
% addition of small organic particles.
4.6. Implications
The implications of this research are signiﬁcant for the use of pore-
forming agents in ﬁred clay bricks. The literature has shown that the
addition of pore-forming agents in ﬁred clay bricks improves the
thermal properties. However, it results in a signiﬁcant decrease of the
mechanical properties. This is the reason why the use of ﬁred clay
bricks incorporating pore-forming agents is usually limited to thermal
insulation purposes [38].
In this study, a predictive model was developed to optimize the
thermal and mechanical properties of ﬁred clay bricks incorporating
pore-forming agents. The results of the modeling indicated that the
thermal properties are improved by 50% with a 25% improvement of
the mechanical properties using an 8 wt% addition of small organic
ﬁbers. This means that ﬁred clay bricks incorporating pore-forming
agents can be used for both insulation and structure purposes if the
pore-forming agents have the appropriate morphology, in contrast with
the observations from the literature [39].
Typically, the current results show that the thermal and mechanical
properties of ﬁred clay bricks can be controlled by the particle size
distribution and the particle shape factor of the pore-forming agents.
This means that the properties can be enhanced by the addition of a
number of organic wastes using a preliminary grinding of these.
5. Conclusions
This paper presents the results of a combined experimental and
theoretical study on the development of a model to predict the thermal
and mechanical properties of clay ceramics incorporating organic ad-
ditives. Salient conclusions arising from this study are summarized
below.
1. The combustion of the organic additives induced a porosity forma-
tion during the ﬁring process. The porosity formed by combustion of
the organic additives was equivalent to the maximal volume of or-
ganic additives in the clay ceramic. It came in addition to the por-
osity of the clay ceramic with no organic additives. Hence, the
porosity of the clay ceramic with organic additives was calculated as
the sum of the percentages of porosity using the true density and the
water swelling degree of the organic additives.
2. The morphology of the newly-formed pores corresponded to the
morphology of the organic additives. The organic additives with
small particles decreased the median pore size of the clay ceramic.
On the other hand, the organic additives in the form of ﬁbers in-
creased the clay ceramic anisotropy. The median pore size and an-
isotropy were then predicted from the particle size distribution and
the particle shape factor of the organic additives.
3. The greatest improvement of the thermal properties was obtained by
addition of organic additives with a low particle shape factor as a
result of the increase in the clay ceramic anisotropy. On the other
hand, the organic additives with a small particle size induced an
extensive improvement of the mechanical properties due to the
decrease of the median pore size. The thermal and mechanical
properties of the clay ceramic were then predicted from the per-
centage of porosity, the anisotropy and the median pore size.
4. Finally, the predictions of the thermal and mechanical properties of
the clay ceramic could be made using the only parameters of the
organic additives (i.e., true density, swelling degree, particle size
distribution, particle shape factor). It indicated that the thermal
properties of the clay ceramic are improved by 50% with a 25%
improvement of the mechanical properties using small organic ﬁ-
bers. This is a step forward in the development of ﬁred clay bricks
that can be used for both insulation and structure purposes in
building applications. Nevertheless, some modeling of the pore vo-
lume fraction as a function of the temperature could still be in-
tegrated into the model to give some insight into the thermal and
mechanical properties of eco-friendly bricks obtained from a low-
temperature ﬁring.
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